The "metabolic sensor" function of rat supraoptic oxytocin and vasopressin neurons is attenuated during lactation but not in diet-induced obesity. Am J Physiol Regul Integr Comp Physiol 310: R337-R345, 2016. First published December 9, 2015; doi:10.1152/ajpregu.00422.2015.-The oxytocin (OT) and vasopressin (VP) neurons of the supraoptic nucleus (SON) demonstrate characteristics of "metabolic sensors". They express insulin receptors and glucokinase (GK). They respond to an increase in glucose and insulin with an increase in intracellular [Ca 2ϩ ] and increased OT and VP release that is GK dependent. Although this is consistent with the established role of OT as an anorectic agent, how these molecules function relative to the important role of OT during lactation and whether deficits in this metabolic sensor function contribute to obesity remain to be examined. Thus, we evaluated whether insulin and glucose-induced OT and VP secretion from perifused explants of the hypothalamo-neurohypophyseal system are altered during lactation and by diet-induced obesity (DIO). In explants from female day 8 lactating rats, increasing glucose (Glu, 5 mM) did not alter OT or VP release. However, insulin (Ins; 3 ng/ml) increased OT release, and increasing the glucose concentration in the presence of insulin (InsϩGlu) resulted in a sustained elevation in both OT and VP release that was not prevented by alloxan, a GK inhibitor. Explants from male DIO rats also responded to InsϩGlu with an increase in OT and VP regardless of whether obesity had been induced by feeding a high-fat diet (HFD). The HFD-DIO rats had elevated body weight, plasma Ins, Glu, leptin, and triglycerides. These findings suggest that the role of SON neurons as metabolic sensors is diminished during lactation, but not in this animal model of obesity. oxytocin; lactation; obesity; insulin; glucokinase OXYTOCIN (OT) IS AN ANORECTIC agent in rodents and humans (40, 42, 60, 61) , and deficits in OT are associated with obesity in humans (9, 26, 44) and mice (7, 39, 52, 53) . Studies on the role of OT in appetite regulation have largely focused on the parvocellular OT neurons in the paraventricular nucleus (PVN) (14, 23, 40, 41) , but magnocellular neurons (MCNs) in the supraoptic nucleus (SON) and PVN are also a major source of OT in the brain, as well as the circulation (28). Since these neurons express glucokinase [GK (51)] and insulin receptors [InsR (24, 59 )], they have an appropriate molecular footprint to function as "metabolic sensors" (32). GK (hexokinase IV) is recognized as the molecule underlying glucose sensing in pancreatic ␤-cells (27). In contrast to other mammalian hexokinases (HKI, HKII, and HKIII), GK has two important characteristics that allow it to function as a glucose sensor: 1) its affinity for glucose is at least 20 times lower than other mammalian HKs that are fully saturated at plasma glucose concentrations, and 2) it is not inhibited by glucose-6-phosphate, the product of hexokinase-mediated glycolysis, as is the case for other HKs (27). Neurons in the ventromedial nucleus that have been characterized as "metabolic sensors" also express GK and InsR (32). In those neurons, glucose induces depolarization via GK-mediated inactivation of ATP-sensitive K ϩ channels (K ATP ), and insulin promotes glucose uptake by glucose transporter 4 (GLUT4) (32). The SON OT and VP neurons also appear to function as metabolic sensors, because increases in insulin and glucose induce increases in intracellular [Ca 2ϩ ] and stimulate OT and VP release from explants of the hypothalamo-neurohypophyseal system (HNS) from male rats in a GK-dependent manner (51). However, while functioning as metabolic sensors is consistent with an anorectic role for OT, OT also plays a distinct and critical role during lactation by acting on the mammary glands to induce milk let-down (49). During lactation, large amounts of OT are released in response to suckling (20, 64), but simultaneously increased food intake is required to meet the metabolic needs of milk production (15). This may result in a diminished role for SON neurons as metabolic sensors during lactation. Also, during lactation, increased glycolysis may be required to meet the increased energy demands associated with suckling-induced hormone secretion. Thus, we postulated that during lactation, SON neurons switch from using GK-mediated glycolysis to monitor body nutrient status to relying on insulin-mediated glucose uptake and glycolysis mediated by hexokinases with higher affinities for glucose than GK (27) to support the metabolic demands associated with suckling-induced OT secretion. To test this hypothesis, we examined whether insulin plus glucose-induced OT and VP release remains GK-dependent in HNS explants from lactating females.
OXYTOCIN (OT) IS AN ANORECTIC agent in rodents and humans (40, 42, 60, 61) , and deficits in OT are associated with obesity in humans (9, 26, 44) and mice (7, 39, 52, 53) . Studies on the role of OT in appetite regulation have largely focused on the parvocellular OT neurons in the paraventricular nucleus (PVN) (14, 23, 40, 41) , but magnocellular neurons (MCNs) in the supraoptic nucleus (SON) and PVN are also a major source of OT in the brain, as well as the circulation (28) . Since these neurons express glucokinase [GK (51) ] and insulin receptors [InsR (24, 59) ], they have an appropriate molecular footprint to function as "metabolic sensors" (32) . GK (hexokinase IV) is recognized as the molecule underlying glucose sensing in pancreatic ␤-cells (27) . In contrast to other mammalian hexokinases (HKI, HKII, and HKIII), GK has two important characteristics that allow it to function as a glucose sensor: 1) its affinity for glucose is at least 20 times lower than other mammalian HKs that are fully saturated at plasma glucose concentrations, and 2) it is not inhibited by glucose-6-phosphate, the product of hexokinase-mediated glycolysis, as is the case for other HKs (27) . Neurons in the ventromedial nucleus that have been characterized as "metabolic sensors" also express GK and InsR (32) . In those neurons, glucose induces depolarization via GK-mediated inactivation of ATP-sensitive K ϩ channels (K ATP ), and insulin promotes glucose uptake by glucose transporter 4 (GLUT4) (32) . The SON OT and VP neurons also appear to function as metabolic sensors, because increases in insulin and glucose induce increases in intracellular [Ca 2ϩ ] and stimulate OT and VP release from explants of the hypothalamo-neurohypophyseal system (HNS) from male rats in a GK-dependent manner (51) . However, while functioning as metabolic sensors is consistent with an anorectic role for OT, OT also plays a distinct and critical role during lactation by acting on the mammary glands to induce milk let-down (49) . During lactation, large amounts of OT are released in response to suckling (20, 64) , but simultaneously increased food intake is required to meet the metabolic needs of milk production (15) . This may result in a diminished role for SON neurons as metabolic sensors during lactation. Also, during lactation, increased glycolysis may be required to meet the increased energy demands associated with suckling-induced hormone secretion. Thus, we postulated that during lactation, SON neurons switch from using GK-mediated glycolysis to monitor body nutrient status to relying on insulin-mediated glucose uptake and glycolysis mediated by hexokinases with higher affinities for glucose than GK (27) to support the metabolic demands associated with suckling-induced OT secretion. To test this hypothesis, we examined whether insulin plus glucose-induced OT and VP release remains GK-dependent in HNS explants from lactating females.
Since deficits in OT are associated with obesity (9, 26, 44), we also postulated that decreased glucose sensitivity and/or insulin resistance in the OT neurons could result in a reduction in OT-mediated anorexia leading to obesity. We tested this hypothesis by evaluating the OT and VP response to insulin and glucose in HNS explants obtained from rats either susceptible or resistant to diet-induced obesity (DIO) (35) . We chose this animal model of obesity because of its relevance to human obesity (35): 1) since some humans are more susceptible to DIO than others, the existence of related strains of dietresistant (DR) and susceptible rats (DIO) is relevant to humans; 2) the higher-fat/palatable diet used to induce obesity in this strain is relevant to humans; and 3) insulin-induced anorexia is reduced in this model (8) . Furthermore, DIO is associated with deficits in lactation (62) , and in humans, obesity is associated with difficulties in initiating and maintaining breastfeeding (1, 2, 6, 45) . Thus, evaluation of the metabolic sensor role of SON neurons in obesity may be relevant to understanding the association between obesity and problems with lactation.
MATERIALS AND METHODS

Ethical Approval
All animal protocols were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Colorado School of Medicine.
Animals
Lactating female rats. Sprague-Dawley rats were purchased with their litters (10 pups/mother) from Charles River Laboratories. They were 4 -6 days postpartum on arrival. On postpartum day 8, the lactating mothers were decapitated, their brains were removed, and HNS explants were dissected and prepared for perifusion (see Perifusion protocol). The pups were either euthanized or reassigned to another approved animal protocol. On postpartum day 8, the lactating mothers weighed 370 Ϯ 23 g.
DIO and DR male rats. Male rats from the DIO or DR strains developed by Dr. Barry Levin (Newark, NJ) (31) were obtained from Taconic Biosciences [TacLevin:CD(SD)DIO; TacLevin:CD(SD)DR]. The DIO and DR lines have the same Sprague-Dawley genetic background, but they have been selectively inbred over many generations for their differential response to an obesogenic diet. The polygenic predisposition for obesity or leanness has been extensively characterized (31, 33, 35, 43) . The rats were 5 or 6 wk of age upon arrival. They were allowed to equilibrate on normal rat chow (6% fat), and at 9 wk of age, they were either continued on 6% fat chow or switched to a defined high-energy diet (Research Diets D12266B; 31% fat, 58% carbohydrate) for 6 wk. Body weights were monitored weekly, and food intake was measured after 6 wk on the specified diet. Body fat content was determined at 1, 3, 4, and 6 wk on the diet, as described previously (38) . At 15 wk of age (6 wk of diet), animals were decapitated, HNS explants were prepared for perifusion (see Perifusion protocol), and trunk blood was collected for determination of plasma insulin, leptin, glucose, cholesterol, triglycerides, and nonesterified fatty acid concentrations, as described previously (18, 34) . Animals were fasted for 4 h prior to death.
Hormone Release Experiments
Explant preparation. HNS explants were obtained from decapitated day 8 lactating female Sprague-Dawley (SD) rats, 48 h water-deprived male SD rats, or male DIO or DR rats fed a high-fat or normal diet for 6 wk. The explants included the OT and VP neurons of the SON with their axonal projections extending through the median eminence and terminating in the neural lobe. The explants also included the organum vasculosum of the lamina terminalis, the suprachiasmatic nucleus, and the arcuate nucleus. PVN was not included.
Perifusion protocol. The explants were placed in individual perifusion chambers and perifused at ϳ2.0 ml/h with F12 nutrient mixture supplemented with 20% FCS, 100 U/ml penicillin, 100 g/ml streptomycin and 1ϫ10 4 M bacitracin. Bacitracin is added to prevent hormone degradation. The medium was warmed (37°C) and gassed (95% O 2-5% CO2) immediately before entering the chamber. Outflow from the chambers was collected in 20-min fractions. The explants were perifused for 4 h in basal medium (1 mM Glu) before beginning the experiment to allow hormone release from the explants to stabilize. VP and OT concentrations in the perifusate fractions were determined by radioimmunoassay, as described previously (63) . Basal hormone release for each explant was determined during the last hour of equilibration, and hormone release in response to experimental manipulations is expressed as a percentage of this basal release.
Statistical Analysis
In the perifusion experiments, ANOVA with repeated measures followed by post hoc simple main effects analysis was performed to evaluate changes in VP and OT release and to compare responses between experimental groups. Time control explants were included in each experiment. In the DIO/DR experiment, two-way ANOVA was used to evaluate diet and strain effects on body composition and plasma components.
RESULTS
Effect of Insulin and Glucose on OT and VP Release During Lactation
Following the 4-h equilibration period, HNS explants from 8-day postpartum, lactating rats were exposed to one of the following conditions during the subsequent perifusion period: 1) basal conditions (Control) for 4 h; 2) basal conditions for an hour followed by 5 mM glucose (Glucose); or 3) insulin (3 ng/ml) alone for 1 h followed by insulin (3 ng/ml) ϩ 5 mM glucose (InsϩGlucose) for the remainder of the perifusion. As shown in Fig. 1 , increasing the glucose concentration from 1 to 5 mM did not alter OT or VP release. However, insulin (3 ng/ml) significantly increased OT release, and increasing the glucose concentration in the presence of insulin resulted in a sustained elevation in both OT and VP release. This response differed from that previously reported in explants from male rats, in which glucose alone significantly increased VP (but not OT) release (51) .
Role of GK in OT and VP Release During Lactation
To test the hypothesis that during lactation, glycolysis in SON neurons becomes less dependent on GK-mediated glycolysis to support the metabolic demands associated with suckling-induced OT secretion, HNS explants from 8-day postpartum, lactating rats were exposed to insulin (3 ng/ml) and an increase in glucose (from 1 to 5 mM) in the presence or absence of alloxan (4 mM), an inhibitor of GK. As shown in Fig. 2 , both OT and VP release were increased by insulin plus 5 mM glucose in the presence of alloxan. Thus, during lactation, the increases in OT and VP release induced by elevated glucose in the presence of insulin is not GK dependent. This is in contrast to male rats, in which alloxan blocked the response to insulin plus glucose (51) . The difference in the time course of the response to insulin plus glucose in Figs. 1 and 2 probably reflects the difference in the exposure pattern. In Fig. 2 , insulin and glucose were added simultaneously and resulted in an abrupt increase in OT and VP release. In contrast, in Fig. 1 , the slow and sustained increase in OT and VP release resulted from an initial exposure to insulin followed by an increase in glucose. The abrupt increase in OT and VP release in response to the simultaneous addition of insulin and glucose may have diminished the availability of readily releasable hormone, resulting in rapid termination of the response rather than a sustained response. Similar responses were observed to the simultaneous addition of insulin and glucose in our prior publication (51) .
GK Dependence of Insulin and Glucose Response in Dehydration
To determine whether other extended stimuli for OT and VP release altered the GK dependence of insulin plus glucose stimulation of OT and VP release similar to lactation, the effect of dehydration was evaluated. HNS explants from 48-h waterdeprived male rats were exposed to insulin (3 ng/ml) and an increase in glucose (from 1 to 5 mM) in the presence or absence of alloxan (4 mM). As shown in Fig. 3 , in the absence of alloxan, OT and VP release was stimulated by exposure to insulin plus glucose, but this was completely blocked by alloxan. Thus, in contrast to lactation, the OT and VP responses to insulin plus glucose remain GK dependent following 48 h of dehydration. Dehydration is another chronic stimulus for OT and VP release.
Induction of Obesity in DIO Rats
As shown in Fig. 4, 6 wk on the HFD induced an increase in body weight and body fat content in both DIO and DR rats. However, the DIO rats fed the HFD gained more weight and more body fat than the DR rats fed the HFD, and they had higher energy intake. Both DIO and DR rats on the HFD ate more and had higher energy intake than either DIO or DR rats fed the normal fat diet (NFD). DIO rats fed NFD gained more weight than the DR rats fed NFD, although energy intake was similar after 6 wk. This reflects the higher "feed efficiency" and lower metabolic requirements in DIO rats (31) . However, it is worth noting that energy intake was measured after 6 wk on the diet and could have been higher in DIO rats at an earlier time point. As shown in Table 1 , the DIO rats fed the HFD also had significantly elevated plasma glucose, insulin, leptin, and triglycerides. Thus, 6 wk on the HFD was adequate to induce obesity in the DIO strain. Although the DR rats fed the HFD also gained more weight than DR rats fed NFD, their weight did not exceed that of the DIO rats fed the NFD. Fig. 1 . Oxytocin (OT) and vasopressin (VP) release from hypothalamo-neurohypophyseal system (HNS) explants from lactating rats in response to 1) an increase in the glucose concentration from 1 to 5 mM (glucose; blue dashed line with triangles); 2) insulin alone (3 ng/ml) followed by increasing the glucose concentration in the continued presence of insulin (InsϩGlucose; red solid line with squares); or 3) maintaining the basal insulin (70 pg/ml from FBS) and glucose (1 mM) concentrations throughout the experiment (Control; black line with circles). In the InsϩGlucose group, 3 ng/ml insulin was present from 4.67 h to the end of the perifusion (red solid box). In all except the Control group, the glucose concentration was 5 mM from 5.67 h through the end of the perifusion (blue dashed box). Increasing the glucose concentration (at 5.67 h) did not alter OT or VP release. However, insulin alone increased OT release, and the subsequent increase in the glucose concentration resulted in a sustained elevation in both OT and VP release. Two-way ANOVA: OT release: Ftime ϭ 17.17, P Ͻ 0.0001; Ftreatment ϭ 7.57, P ϭ 0.0055; Finteraction ϭ 2.72, P Ͻ 0.0001. *P Ͻ 0.01 control vs. InsϩGlucose; #P Ͻ 0.01 Glu vs. InsϩGlucose. VP release: Ftime ϭ 26.14, P Ͻ 0.0001; Ftreatment ϭ 8.826, P ϭ 0.0029; Finteraction ϭ 5.35, P Ͻ 0.0001. **P Ͻ 0.001 control vs. InsϩGlucose; #P Ͻ 0.01 Glu vs. InsϩGlucose. Basal release: 344 Ϯ 42 pg OT/ml and 607 Ϯ 78 pg VP/ml perifusion medium. n ϭ 6/group. 
Effect of DIO on OT and VP Responses to Insulin Plus Glucose
As shown in Fig. 5 , explants from DIO rats fed either the HFD or NFD showed robust OT and VP responses to increasing the glucose concentration in the presence of insulin. The response was not significantly different between DIO rats on the HFD compared with the NFD. In addition, a significant increase in OT was observed in response to insulin alone independent of diet (Fig. 5, A and B) . However, the increase in VP release was delayed in explants from DIO rats on the HFD (Fig. 5C ), indicating that insulin alone did not increase VP release from these explants. Thus, induction of obesity in the DIO strain with a HFD did not alter the effect of insulin and insulin plus glucose on OT release, but may have induced insulin resistance in the VP neurons.
In contrast, in explants from the DR strain (Fig. 6, A-D) , OT and VP release in response to insulin plus glucose was reduced compared with the response in DIO explants (Fig. 5) , and only the VP response to insulin plus glucose in DR rats on the HFD reached statistical significance (Fig. 6C) . The absence of any OT response in the DR/HFD explants resulted in a significant strain difference in OT release (Fig. 7A ), but there is no significant strain difference in VP release (Fig. 7B) .
DISCUSSION
Although OT is recognized as an anorectic agent (40, 42, 60, 61) , it has other important roles in the body. Classically, it is recognized for its role in stimulating uterine contraction during parturition (48, 49) . Similarly, it causes contraction of smooth muscles in the mammary glands, an action that is essential for milk let-down during lactation (49) . Its actions on the mammary glands and uterus require release of large amounts of OT from the posterior pituitary into the general circulation to ensure that OT is delivered to these peripheral tissues in sufficient concentrations to induce smooth muscle contraction (30) . Because of the extended nature of lactation and its dependence on OT release, this requires sustained production of large quantities of OT with associated heightened energy demands on the OT-producing neurons. Thus, it is plausible that during lactation, these neurons maximize glucose metabolism to meet the energy demands associated with heightened OT synthesis at the expense of monitoring glucose as a metabolic signal by increasing their reliance on hexokinase isoenzymes (hexokinases I, II, or III) that have higher affinities for glucose compared with GK (hexokinase IV) (27, 46) . Our findings support this hypothesis, because although alloxan, a GK inhibitor, prevented the insulin plus glucose-induced increase in OT and VP release in male rats (51), it did not prevent this response in explants from lactating rats. In addition, the attenuation of GK dependence appears to be lactation specific rather than being common to conditions of chronic stimulation of hormone release, because the insulin plus glucose-induced increase in OT and VP release remained GK dependent in explants from 48-h dehydrated rats. The ability of insulin and insulin plus glucose, but not glucose alone, to induce increases in OT and VP release in explants from lactating rats suggests that insulin-mediated glucose uptake is required to meet the energy requirements associated with hormone release during lactation. Although other neurons rely on lactate provided through the "astrocyte-neuron lactate shuttle" to meet activityrelated energy demands (36) , this mechanism may be compromised in MCNs during lactation, because during lactation, astrocytes withdraw from OT MCNs (54, 55) to allow increased synapse formation for efficient and simultaneous activation of the OT MCN population (22, 57, 58) . This may explain the reliance of MCNs on insulin-mediated glucose uptake to meet energy requirements during lactation.
The increased hormone release induced by insulin and insulin plus glucose is thought to reflect neuronal depolarization induced by inactivation of K ATP in response to glycolytic ATP production. This is supported by earlier work demonstrating that the K ATP channels, K ir 6.1 and K ir 6.2, are expressed in SON (11, 56), and our prior findings that the glucose increased intracellular calcium in SON neurons is dependent on K ATP channels, and closure of K ATP channels results in OT and VP release from HNS explants (51) . Insulin is thought to mediate membrane insertion of GLUT4, thereby providing increased substrate for GK-or HK-mediated glycolysis. Insulin-responsive GLUT4 has been detected in SON (12, 13) .
Our findings did not support our hypothesis that DIO results from a reduction in OT-mediated anorexia due to decreased glucose sensitivity and/or insulin resistance in the OT neurons. Although the DIO rats became obese (gained more weight and body fat) on the HFD and demonstrated characteristics of insulin resistance (e.g., had elevated plasma glucose, insulin, leptin, cholesterol, and triglycerides) compared with those on the NFD, OT release remained responsive to insulin and insulin plus glucose. Evidence for insulin resistance was limited to VP release with no increase in VP release in response to insulin alone in explants from DIO-HFD rats. Also in contrast to our hypothesis, it was the DR strain rather than the DIO strain that showed blunted OT and VP responses to insulin and insulin plus glucose. Thus, although there was a significant strain difference in the OT response, it was due to an absence of response in the DR-HFD explants rather than the DIO-HFD explants. Although these findings did not support our hypothesis, it is possible that after 6 wk on the HF diet, the DIO were approaching a new state of energy balance. Thus, evaluating their responses to glucose and insulin before the onset of obesity would be useful. Also, we may have missed differences in the in vivo sensitivity of DIO animals to increases in glucose and insulin by allowing all explants to equilibrate for 4 h to the same ex vivo concentration of glucose and insulin. Furthermore, it would be useful to assess this hypothesis in other animal models of obesity, because body weight regulation is complex, and obesity has a polygenetic basis. Genetic variation in the mechanisms regulating release of anorectic agents is substantiated by the reduced responsiveness of OT release to insulin and glucose in the DR strain, and others have reported that obesity in Zucker rats correlates with hypooxytocinemia, resulting from enhanced tissue oxytocinase activity and altered OT receptor expression (16, 17) . Also, OT treatment produces weight loss in nonhuman primates with DIO as well as in humans (5, 29, 65) .
Several aspects of the experimental design of these experiments warrant discussion. First, the changes in OT and VP release measured in the current experiments reflect hormonal OT and VP that is synthesized by magnocellular neurons (MCNs) in the supraoptic nucleus and released from the neural lobe. Although OT and VP are released from other sources in HNS explants (e.g., dendrites, suprachiasmatic nucleus), those sources account for less than one-tenth of that released from the neural lobe (19) and, thus, could not account for the responses observed in response to insulin and insulin plus glucose in these studies. Second, an important aspect of these studies is that the glucose and insulin concentrations tested are physiologically relevant. Hypothalamic glucose concentrations range from 0.5 mM in fasted rats to 5 mM in severely hyperglycemic rats, with 2.5 mM representing postingestive normoglycemia (50) . Thus, the changes in glucose used in these experiments represented the physiological range from fasting to hyperglycemia. Insulin is transported into the brain by a saturable transport mechanism that is physiologically and regionally regulated, and hypothalamic levels are among the highest in the brain (3, 4) . Thus, given the diffusion barriers present in in vitro preparations, it is plausible that the glucose and insulin concentrations used in these experiments resulted in exposure of SON neurons to concentrations they might encounter in vivo. Third, results from explants from lactating female rats were not compared with explants from nonlactating female rats, because the hormonal status of postpartum, lactating rats is not comparable to nonlactating females at any stage of the estrous cycle. Given the recognized impact of gonadal steroids on appetite regulation, it would be interesting to evaluate the effect of gonadal steroids on the metabolic sensor function of SON neurons in males and nonlactating females. However, this is beyond the scope of the current investigation. Also, the factors responsible for the altered metabolic profile observed during lactation go beyond gonadal steroids to include other hormones (e.g., relaxin, prolactin), as well as numerous appetite and metabolic signals (e.g., CCK, leptin, and ghrelin).
OT MCNs are uniquely situated for roles in nurturing the offspring and body weight regulation, because OT MCNs project to areas of the brain involved in motivated behaviors [e.g., amygdala and nucleus accumbens (28, 47) ], such as hunger, attachment, and maternal behavior, as well as the neural lobe. This dual involvement of MCN OTs in peripheral and central release of OT is relevant to both body weight regulation and lactation. Lactation and nursing are simultaneously associated with providing life-sustaining nutrition and development of maternal attachment and other nurturing behaviors. Peripheral OT release is required for the milk let-down necessary for the young to obtain milk, while central OT release activates portions of the motivated behavior/reward circuitry involved in maternal behavior. Thus, the dual involvement of MCN OTs in the peripheral and central release of OT is crucial for survival of the offspring. Similar to lactation and maternal behavior, simultaneous control of peripheral and central release of OT from MCNs is advantageous in regulation of food intake and body weight, because the MCNs release OT Values are expressed as means Ϯ SE. DIO, diet-induced obesity; DR, diet-resistant; HFD, high-fat diet; NFD, normal-fat diet; NEFA, nonesterified fatty acids; NS, not significant. Fig. 5 . Effect of HFD and NFD on InsϩGlucose stimulated OT (A and B) and VP (C and D) release from HNS explants from DIO rats. In the InsϩGlucose group, 3 ng/ml insulin was present from 4.67 h to the end of the perifusion (blue solid box), and except in the control, the glucose concentration was 5 mM from 5.67 h through the end of the perifusion (red dashed box). InsϩGlucose significantly increased both OT and VP release from DIO explants independent of diet. Insulin alone significantly increased OT release from DIO explants independent of diet at 5.33 h of perifusion, but not VP release. *P Ͻ 0.05, **P Ͻ 0.01, ****P Ͻ 0.0001; n ϭ 6/group. into the peripheral circulation in response to anorectigenic stimuli (37) , as well as into the motivated behavior and other circuitry involved in appetite regulation (21, 28) . In addition, peripheral release of OT has been shown to induce anorexia via actions on central OT receptors (25) , and OT has direct effects on adipose tissue metabolism, causing increased lipolysis and fatty acid oxidation (10).
Perspectives and Significance
Maternal OT is critical for survival of offspring in mammals through its action on the mammary glands to cause milk let-down and its central action to induce maternal behaviors consistent with survival of the young (e.g., nest building, swaddling, and cuddling). However, this role is not essential in The drug delivery protocol is as described in Fig.  5 . OT release was not significantly stimulated by InsϩGlucose in explants from DR rats on either diet (A and B) . VP release was significantly elevated by InsϩGlucose in the DR/HFD explants (Ftreatment ϭ 38.95, P Ͻ 0.0001) and slightly increased in the DR/NFD explants (Finteraction ϭ 2.2, P ϭ 0.019). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. n ϭ 5 in DR/NormFat-basal group; n ϭ 6 in all other groups. The drug delivery protocol is as described in Fig. 5 . The absence of an OT response to InsϩGlucose in the DIO/HFD explants resulted in a significant strain difference between DIO/HFD and DIO/ NFD explants (Fstrain ϭ 12.18, P ϭ 0.00058) in the OT response (A), but this was not present in the VP response (B) *P Ͻ 0.05, **P Ͻ 0.01, ****P Ͻ 0.0001. males and nonlactating females. Thus, the system is available to integrate with other homeostatic responses, such as appetite and body weight regulation and reproduction. Therefore, the expression of mechanisms that allow the OT MCNs to function as metabolic sensors in males and nonlactating females appears to represent an efficient use of existing biology. However, since obesity is associated with reduced serum OT (9, 26, 44) and deficits in lactation occur in DIO animal models (62) , it is likely that a combination of the central and peripheral actions of oxytocin contribute to the difficulties that obese mothers experience with breastfeeding (1, 2, 6, 45) . Thus, while the MCN OT neurons are uniquely situated for promoting health and development of the offspring, as well as for participating in energy metabolism and body weight regulation, this dual role may compromise efficient lactation in obesity.
